The Mongolian gerbil has been extensively used as a model to examine the effects of ischemia and reperfusion injury on the brain (Hara et al., 1990; Kindy et al., 1991) . Several reports have demon strated selective increases in lipid metabolism, pro tein oxidation, and gene expression after ischemia and reperfusion insult (Dempsey et al., 1985 (Dempsey et al., , 1986 Cao et al., 1988; Kindy et al., 1991) . Glutamate ac tivation of N-methyl-D-aspartate (NMDA) recep tors has been implicated in the neuronal response to ischemia and reperfusion injury in the nervous sys tem (Simon et al., 1987; Baker et al., 1991) . In-reperfusion. Administration of genistein 5 to 10 min after ischemia and reperfusion was ineffective in blocking DND in the CAl region of the hippocampus. The tyrosine kinase inhibitors selectively blocked the phosphorylation of microtubule-associated protein (MAP)-2 kinase follow ing ischemia and reperfusion injury. These results suggest that tyrosine phosphorylation in the ischemic brain is im portant for neuronal injury and that MAP-2 kinase may play a role in the onset of delayed neuronal death. Key Words: Tyrosine phosphorylation-Delayed neuronal death-Cerebral ischemia-Hippocampus.
creased glutamate results in calcium influx, which mediates intracellular mechanisms that regulate neuronal plasticity (Mattson et al., 1989; Choi and Rothman, 1990) . The CAl hippocampal pyramidal cells are selectively vulnerable to the changes elic ited by ischemia and reperfusion (Kirino, 1982) . De layed neuronal death (DND) occurs within 1 to 2 days after the initiation of reperfusion following ischemia (Kirino, 1982; Pulsinelli et al., 1982) . Un derstanding the pathways involved in the neuronal response to ischemia will help to identify the events leading to cellular damage.
Evidence is accumulating that protein phosphor ylation is critically involved in the function of the nervous system. Neuronal tissue is rich in protein kinases with specificity for serine and threonine res idues. Protein kinase A, C, and Ca 2 + Icalmodulin dependent protein kinase II phosphorylate several proteins involved in neurosecretion and cytoskele tal organization (Hemmings et aI., 1989) . In addi tion, brain tissue is also rich in protein kinases with specificity for tyrosine residues of protein sub strates (Hirano et al., 1988) . Phosphotyrosine (P tyr) has been detected in proteins such as synapsin and acetylcholine receptor, indicating a role for this modification during neurosecretion and receptor desensitization, respectively (Huganir and Green gard, 1990; Qu et aI., 1990) . Recent evidence sug gests that these protein kinases may play a role in neuronal response to stimulation. Inhibition of pro tein kinase C has been shown to protect the CAl region of the hippocampus from ischemic injury (Yoshidomi et aI., 1989; Hara et aI., 1990) . Further more, tyrosine kinase-specific inhibitors blocked long-term potentiation in the hippocampus, suggest ing that tyrosine phosphorylation is involved in long-term synaptic plasticity (O'Dell et aI., 1991) .
Microtubule-associated protein (MAP) kinases are a family of proteins also named ERKs (extra cellular signal-regulated kinases), p42, and mitogen activated protein kinases, with kinase activity spe cific for serine and threonine residues. MAP ki nases are particularly abundant in tissues of neuronal origin (Boulton and Cobb, 199 1; Boulton et aI., 1991) . In intact brain tissue, MAP kinase, with the acetylcholine receptor, pp60src and synap tophysin, is one of the few tyrosine-phosphorylated proteins identified in vivo. Recently, Bading and Greenberg (1991) reported tyrosine phosphoryla tion of MAP kinase upon stimulation of NMDA re ceptors in hippocampal cultured cells. In addition, Stratton and coworkers (1991) also reported a rapid and transient MAP kinase tyrosine phosphorylation in the hippocampus of electro shocked rats. We have also shown that ERK2 is phosphorylated fol lowing ischemia and reperfusion injury (Campos Gonzalez and Kindy, 1992) . These observations suggest an important function for MAP kinases in the nervous system.
In this report, I have used the gerbil ischemic insult as a model to examine the influence of tyro sine phosphorylation on delayed neuronal death. I used genistein and lavendustin A to block tyrosine phosphorylation and determine the protective ef fects on the CAl hippocampal neurons following ischemic injury. I have studied the effects of these inhibitors on tyrosine phosphorylation of ERK2, a marker of neuronal damage in the hippocampus (Campos-Gonzalez and Kindy, 1992) . The results suggest that tyrosine phosphorylation may trigger several neurodegenerative changes following the ischemic insult.
MATERIALS AND METHODS

Gerbil model
Male mongolian gerbils (50--60 g) were anesthetized (2% halothane, 70% N20, 30% 02)' mounted in a stereo taxic device, and maintained under 1 % halothane (Hara et ai., 1990) . Inhibitors or vehicle [5% dimethyl sulfoxide (DMSO) in saline] were injected into the bilateral CAl region of the hippocampus (1 fLl over a 5-min period) (one injection spreading bilaterally). The site of injection was as described by Hara et al. (1990) , 1.8 mm posterior to the bregma, 2.0 mm lateral to the midline, and 1.4 mm into the dural surface according to the atlas of the gerbil brain (Loskota et aI., 1974) . Thirty minutes following injection, the carotid arteries were exposed, clamped for 5 min then released for the period of time indicated for each exper iment. For tyrosine kinase experiments, animals were killed at 1 min of reperfusion and the CAl region of the hippocampus frozen in liquid nitrogen. For histological analysis, the incisions were closed, the animals allowed to recover; then killed 7 days following ischemia. The animals were maintained at 37°C (body temperature) by using a water-jacketed heating pad and heating lamp dur ing the surgical manipUlations and recovery period (3 h). Inhibitors used in this study were genistein (Gibco BRL, Gaithersburg, MD, U.S.A.), lavendustin A (Gibco BRL) and genistin (Extrasynthese).
Western blot analysis
Frozen tissue (CAl region of the hippocampus isolated under a dissecting microscope, caution being taken to exclude the CA2 and CA3 regions) was thawed in 4 vol umes of hot lysis buffer [1 % sodium dodecyl sulfate (SDS) + 10 ruM Tris-HCI, pH 7.4, boiling] and immedi ately homogenized for 10 s using a polytron (Campos Gonzalez and Kindy, 1992) . Cell lysates were micro waved for 15 s, sonicated, and centrifuged at 2,500 rpm to remove nonsoluble material. Protein extract (10 fLg) was electrophoresed onto 10% acrylamide gels (SDS-PAGE, polyacrylamide gel electrophoresis) and transferred onto Imobilon (Millipore). Blots were probed with affinity purified rabbit anti-P-tyr antibodies (1 fLg/ml, courtesy of Dr. John Glenney, University of Kentucky), or anti-MAP kinase antibodies (1 fLg/ml, Zymed, San Francisco, CA, U.S.A.) followed by [1 2 5I]protein A (ICN). Tyrosine phos phorylation and MAP kinase levels were measured by densitometric analysis of the autoradiograms by means of an LKB ultrascan densitometer.
Kinase assay MAP kinase activity in hippocampal cell (CAl) lysates was determined following immunoprecipitation of the en zyme with anti-MAP kinase antibodies. The immunopre cipitated MAP kinase was electrophoresed in myelin ba sic protein (Sigma, St. Louis, MO, U.S.A.)-containing gels, denatured, and slowly renatured before the incuba tion with kinase buffer and [-yYp]ATP (ICN) as de scribed (Kameshita and Fujisawa, 1989; Campos Gonzalez and Glenney, 1992) . Activity was determined by counting the radioactivity incorporated into myelin ba sic protein. Protein determinations were done with the Biorad protein assay (Bradford, 1976) .
Histological analysis
Gerbils were anesthetized with pentobarbital (40 mg! kg) and perfused transcardially with cold phosphate buff ered saline (PBS), followed by 4% paraformaldehyde, 7 days after 5-min ischemia ± inhibitors (Kindy et aI., 1991) . Brains were removed and fixed with paraformal de hyde for 24 h, followed by 20% sucrose for 24 h. The tissue was placed in Tissue-Tek O.C.T. Compound (Miles Inc.), frozen on dry ice and stored at -80°C until sec tioning. Tissue blocks containing the hippocampus were sectioned coronally (10 fLm) and stained with cresyl vio let. The number of neurons in the CAl region of the hip- pocampus was counted (1 mm in length) as described by Kirino et al. (1986) . Neuronal density was similar on both sides of the brain.
Statistics
Statistical analysis was performed using one-factor analysis of variance (ANOY A). Group comparisons were made with the Fisher's protected least significant differ ence; p � 0.05 was considered significant. All analyses were done using the StatYiew 512 + statistical package (Brainpower, Agoura Hills, CA, U.S.A.).
RESULTS
Neuronal injury following ischemia
Control animals (sham-operated and DMSO treated) showed a cell number per millimeter (neu ronal density) of 256 ± 31 (mean + SD) in the CAl region of the hippocampus (Table 1 (Fig. 2) . However, some protection was seen when the drug was injected at the time of ischemic injury. When injected 5 to 60 min after the initiation of reperfusion, genistein had little effect upon neuro nal protection.
MAP kinase phosphorylation
Tyrosine phosphorylation of ERK2 has been shown to increase in response to ischemia and reperfusion injury (Fig. 3A, Table 2 ; also Campos Gonzalez and Kindy, 1992) . One minute of reperfu sion following 5 min of ischemia resulted in a max imal increase (3.8 ± O.4-fold) in ERK2 tyrosine phosphorylation in the CAl region of the hippocam pus (Fig. 3A , lane 1 vs. lane 3; also Campos Gonzalez and Kindy, 1992) . Pretreatment of gerbils with 10 ng of genistein (lane 4) or lavendustin A (lane 5) prevented the phosphorylation of ERK2. However, treatment of gerbils with genistin (lane 6) had no effect on tyrosine phosphorylation of ERK2. Neither the ischemia and reperfusion protocol nor the inhibitors had any effect upon the level of ERK2 protein in the hippocampus (Fig. 3B, lanes 1-6) .
The increase in tyrosine phosphorylation of ERK2 is associated with an increase in the activity of ERK2 (Fig. 4) . The ischemia and reperfusion par adigm resulted in a 3.5 ± 0.2-fold increase in ERK2 activity after 1 min of reperfusion, using an in vitro assay to detect endogenous hippocampal ERK2 ac tivity. Both genistein and lavendustin A blocked the increase in ERK2 activity, whereas genistin had no effect on increased kinase function.
DISCUSSION
The tyrosine kinase inhibitors genistein and lav endustin A were both shown to be effective in pro tecting the CAl region against neuronal damage caused by ischemia and reperfusion. Genistein and lavendustin A have been shown to be specific in their inhibition of tyrosine kinases, with little or no effect upon protein kinase C (PKC), protein kinase A (PKA) or Ca 2 + /calmodulin-dependent protein ki nase II (CamKIl) (O'Dell et aI., 1991; Hsu et aI., 1991) . Even at concentrations in excess of 100 11M, genistein and lavendustin A had no detectable in hibitory activity on PKC, PKA, or CamKII, whereas 20 11M genistein or 0.5 11M lavendustin A potently inhibited tyrosine kinase activity. Injection of 10 ng of genistein or lavendustin A into the CAl region of the hippocampus before an ischemic insult protected the CAl region from DND. This suggests that tyrosine kinase activity may play a role in isch emic cell injury. Previous studies have shown that inhibition of kinase phosphorylation may be important in neuro nal cell loss. Inhibition of protein kinase activity following transient ischemia in the brain prevented neuronal cell loss (Yoshidomi et aI., 1989) . Hara et aI. (1990) showed that staurosporine, a PKC inhib itor, prevented neuronal cell loss following isch emia and reperfusion in both the rat and gerbil hip pocampus. However, staurosporine has been also shown to inhibit the tyrosine-specific kinase activ ity of the Rous sarcoma virus and trk receptor phos phorylation (Nakano et aI., 1987; Ohmichi et aI., 1992) . These data implicate both PKC and tyrosine kinase activity in the initiation of ischemic cell in jury. The data presented here suggests that neuro nal cell death may be mediated by tyrosine kinase activity.
Previously, we have shown an increase in tyro sine kinase activity following transient ischemia in The inhibitors were injected into the hippocampus 30 min be fore 5-min forebrain ischemia. Temperature was maintained at 37°C for all treatment groups. Values are means ± SD deter mined from densitometric scanning of autoradiograms. a p < 0.05 vs. DMSO ischemic (ANOV A with Fisher's pro tected least significant difference).
the gerbil brain (Campos-Gonzalez and Kindy, 1992) . Tyrosine phosphorylation of ERK2 following ischemia and reperfusion increased within 1 min af ter the initiation of reperfusion. This increase was seen in all the ischemic regions, but the greatest increase was seen in the hippocampus. The phos phorylation was dependent upon NMDA glutamate receptor activation and calcium influx, as deter mined by pretreatment of animals with inhibitors of these mechanisms. In addition, hypothermia also prevented tyrosine phosphorylation of ERK2. Genistein and lavendustin A both prevented the in crease in tyrosine phosphorylation of ERK2 and de layed neuronal death following ischemia and reper fusion. However, genistin had no effect upon either function. The effects of the inhibitors were only 4 >. seen with pretreatment of animals and was not ap parent following treatment as early as 5 min after the initiation of reperfusion. These results suggest that tyrosine kinases may be involved in the path way mediating ischemic cell death and that ERK2 may be an initiating factor. Analysis of tyrosine-phosphorylated proteins re vealed an increase in only ERK2 phosphorylation in the ischemic hippocampus. No other changes were detected in tyrosine phosphorylation following isch emia and reperfusion, although several other tyro sine-phosphorylated proteins were seen (Campos Gonzalez and Kindy, 1992) . It is possible that other changes do exist but are not detectable by the meth ods used in this study. In addition, switching of tyrosine phosphorylation cannot be seen under the conditions here and may be important in ischemic injury. The fact that ERK2 appears to be one of the major proteins phosphorylated by tyrosine kinases (Rossomando et ai., 1989) , and that inhibition of tyrosine kinase activity blocks DND, would suggest that ERK2 plays a direct role in neuronal damage following ischemic injury.
2: 3
The data presented here suggest that tyrosine ki nases play a role in DND initiated by ischemia and reperfusion. Pretreatment of animals with tyrosine kinase inhibitors prevented DND following isch emia, whereas early posttreatment had little or no effect upon DND. This suggests that tyrosine ki nase activity functions early on during the reperfu sion period to trigger the events required for CAl pyramidal cell damage. Recent information and re sults presented here suggest that tyrosine phosphor ylation of ERK2 may be involved in the regulation of ischemic neuronal damage. Inhibition of ERK2 activity would help specifically to identify the role of ERK2 in DND.
